ABSTRACT We experimentally demonstrate a frequency-diverse, computational imaging system at W-band frequencies utilizing an array of cavity-fed metasurface antennas. Each metasurface antenna consists of a cavity milled from aluminum stock, with an upper plate patterned with a set of radiating slots. As a function of frequency, the metasurface cavities produce a set of spatially diverse radiation patterns that probe the reflectivity distribution of a scene. The antennas are designed to maximize the measurement diversity and hence imaging capacity of the system. The number and distribution of the radiating slots is optimized by balancing the cavity quality factor (Q) and Fourier space coverage. In the experimental realizations, the radiation patterns from each cavity-fed metasurface antenna is first measured using near-field scanning techniques, propagated over the imaging domain, and then stored for use in the image reconstruction step. Comprehensive alignment procedure is implemented to align the measured radiation patterns with regard to the physical position of the cavities. Using a modeling platform, we find excellent agreement between the simulation and experiment, indicating the validity of the calibration and alignment procedures. The scaling of the cavity-fed metasurface antenna represents a key step in the development of alternative high-frequency apertures for imaging and beam-forming applications.
I. INTRODUCTION
Coherent microwave (1-30 GHz) imaging has proliferated across a host of applications including medical imaging [1] , polarimetric target discrimination [2] , and especially security screening [3] , [4] . Within these fields, evolving technical needs continue to compel the development of higher resolution systems with faster frame rates. Higher resolution can be achieved by operating in the millimeter regime (30-110 GHz) since the diffraction limit is ultimately governed by the operational wavelength. Component cost for millimeter systems, however, is high because of the exotic semiconductor materials, such as SiGe and GaAs, that are necessary to achieve the carrier mobility requisite for operation. This difficulty is compounded for systems requiring fast frame rates, which necessitate many transmitting and receiving components to acquire the necessary measurements swiftly. For example, conventional approaches rely on dense arrays of electronically switched transmitter and receiver elements, as in synthetic aperture radar (SAR) systems [5] - [9] . The hardware costs, and the resulting system complexity remain a considerable impediment to the widespread adoption of W-band imaging systems.
Implementing a sparse multiple input multiple output (MIMO) synthetic aperture is an approach that can reduce hardware requirements. For example, the concept of a W-band imager has been demonstrated with a single transmit/receive pair of open ended waveguides (OEWGs) mechanically translated to synthesize a sparse aperture [10] . Alternative aperture designs have also emerged, including imaging systems that leverage frequency diversity as a means of increasing the number of measurements available from a given aperture [11] , [12] . In this approach, scene information is encoded onto a set of pseudo-random radiation modes corresponding to a set of frequencies sampled over the operational bandwidth. Mechanical scanning is replaced by a sparse MIMO approach utilizing large (with respect VOLUME 6, 2018 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ to the wavelength) metasurface antennas to cover the necessary spatial frequencies. Image reconstruction from these unconventional measurements is facilitated by computational imaging techniques [13] . Frequency diverse metasurfaces were first designed using subwavelength, resonant metamaterial elements distributed over an aperture, and excited by either a linear or planar waveguide [14] . Subsequently, cavity-backed metasurfaces consisting of simpler, non-resonant metamaterial elements [12] were used; these latter structures had the benefit of lower radiation and resistive losses and improved fabrication tolerance compared with the more geometrically complex subwavelength structures. Frequency diverse apertures can be utilized in conjunction with sparse sampling approaches to achieve a reasonable number of measurement modes within an aperture, but with minimal hardware and substantially simplified radio-frequency (RF) electronics. Recently, it was shown that it is possible to image human-sized targets [15] , [16] without mechanical scanning or active components (such as phase shifters, amplifiers and other components typically used in transmit/receive modules). The advantages of utilizing sparse and frequency diverse approaches are even more compelling at high frequencies since the minimal amount of physical hardware required suggests a feasible path to a low-cost, real-time, and high-fidelity imaging system in the millimeter regime.
In this work, a W-band sparse imaging system, based on the cavity backed metasurface design is numerically analyzed and experimentally demonstrated. The results presented here are a continuation of theoretical work presented in [17] . It is demonstrated that utilizing frequency diverse cavities [12] instead of the OEWGs enables increased spatial sampling and ultimately improved imaging.
Replacing the OEWG with cavities introduces field characterization and alignment challenges due to the high Q of the cavities. Because the system relies on maintaining coherency across the aperture [18] , any misalignment between the spatial position of a given antenna and its characterized radiated fields results in errors to the forward model, rapidly degrading image reconstruction quality [19] . These challenges are exacerbated at the millimeter wave scale. Nevertheless, a successful alignment approach is demonstrated.
Although the imaging concepts investigated here can be translated to quasi-optical and optical regions, extending the scale of this work beyond millimeter-wave frequencies is beyond the scope of this paper. W-band imagers are especially compelling for security applications where the high resolution is desired for detecting very small threat objects. But, in addition to the hardware challenges at W-band, the computational demands of image reconstruction are significant, especially when imaging large targets such as humans. For example, a typical human-sized target fits within a reconstruction region of interest (ROI) of 1.9 × 1 × 0.26 m [15] . Considering the same ROI and aperture size of 2 × 2 m [15] , at the center frequency of W-band, the resolution in cross-range and range is 1 mm and 4.3 mm respectively. Diffraction limited sampling results in nearly 15 million voxels (or 13 TB of data). This is in contrast to, for example, K-band frequencies where the discretization of the ROI is still challenging, but computationally feasible (about 90 gigabytes of data that can be calculated on-the-fly using GPU-based parallel processing approaches [20] ). Despite the challenges of W-band, various advanced hardware approaches such as [5] have successfully leveraged FPGAs to process the large amounts of data generated by these systems.
The outline of this paper is as follows. In section 2, the forward model used in the reconstruction is described and the motivation for the compressed imaging system is discussed. In section 3, we describe the design of the OEWG MIMO imaging system and experimental imaging results and introduce singular value spectrum as a metric for evaluation of the system performance. In section 4 we present the theory and design of a frequency diverse cavity and discuss the principles governing the optimal cavity design. Section 5 describes the characterization of the OEWG and cavity panels using near field scanning techniques and experimental results from a bistatic imaging system in two configurations: OEWG to cavity, and cavity to cavity. We describe the algorithms used to achieve the necessary alignment and explain the underlying principles of improving the information content of the measurements using frequency diverse cavities.
II. IMAGER DESIGN
An in-house simulation tool, which we refer to here as the Virtualizer, is used to predict the image quality and behavior of a W-band imaging system design. The Virtualizer consists of a set of Matlab functions that model the metasurface aperture, the scattering from objects in the scene, and implements a forward scattering model for image reconstruction.
In the Virtualizer, antennas are conceptually modeled by a distribution of frequency-dependent magnetic dipoles [21] . For example, an OEWG antenna with its low gain radiation, is modeled as a set of closely spaced magnetic dipoles in a rectangular shape, producing the expected cosine current distribution. Further, frequency-dependent magnetic dipoles can be used to simulate radiating metasurfaces, as we discuss below [22] . From the representative dipoles, the dyadic Green's function can then be used to propagate the electromagnetic fields to all points in the scene [23] .
A forward model of the radiated fields of the antennas and their scattering dynamics in the scene can then be constructed applying the first Born approximation. This model assumes the incident field is not perturbed, that there is no multipath, and no material dispersion is present. The fields reflected from a volume element (or voxel) are assumed to be the reflectivity associated with that voxel multiplied by the incident field. A measurement at the receiver antenna, g ij , can then be written as
where E Tx i and E Rx j are the i-th transmitter and j-th receiver electric fields respectively at the scene position r and angular frequency ω; w is the additive white noise. Eq. (1) defines a single measurement for a transmitter and receiver pair. Discretizing the scene volume into a finite number of diffraction limited voxels, we can write Eq. (1) in the matrix form
where H is a MxN matrix composed of M measurements and N voxels whose components H m,n =E(r n ) Tx m E(r n ) Rx m ; Here m indexes the rows of the H distinguishing given pair of Tx, Rx antenna and frequency, r n is the voxel positions in the scene and w is the additive white noise. By solving Eq. (2) it is possible to obtain an estimate of the reflectivity the scene. However, in general H, consisting of an under or oversampled set of correlated measurements, is not square or wellconditioned, and thus an inverse is not defined and the solution to Eq. (2) must be approximated. Back-propagation (or, matched filter), in which the Hermitian transpose of H is used to compute f est = H † g, provides the simplest and fastest estimate [24] , [25] of f, while an iterative least squares approach [26] can improve the estimation. As will be discussed further below, the measurement modes of the metasurface antenna tend to be correlated and generally do not provide complete coverage in either real space or Fourier space. For this reason, the scene estimates attempt to find the best solution possible within the subspace spanned by the available measurement modes. The exact solution is unlikely to lie within this subspace, and thus scene estimates have an inherent reconstruction noise level that exists simply due to mode incompleteness.
It has been shown that for a frequency diverse system, the Q of the resonant elements [21] or guided wave structure [11] , [15] , is a parameter that, in conjunction with the layout of the radiating elements, can be used to predict the imaging performance of the aperture. At microwave frequencies, it is possible to design resonant metasurface elements, such as complimentary electric LC resonators (cELCs), with moderate values of Q, using copper clad printed circuit board (PCB) waveguide based structures [21] . However, at W-band frequencies the reduced metal conductivity, surface roughness, and dielectric losses all significantly reduce the achievable Q-factors for PCB-based structures [27] . Even by leveraging the most advanced low-loss substrates and metal plating techniques the Q can only be increased marginally [28] . As an alternative, we instead use air-filled machined metasurface cavity structures with radiating slots cut in the front surface [12] . This structure naturally leverages the low dielectric loss of air, and hence supports much higher Q values at W-band frequencies than dielectric waveguide structures.
Since the radiation profile of a mode-mixing resonant cavity is highly diverse and not easily analytically predicted [11] , we use a near-field scanning technique to characterize the fabricated cavity antennas [29] . The fields are measured and imported in the Virtualizer modeling software as a set of equivalent dipoles as discussed above [21] . Hence, we can model different system configurations using these realistic, experimentally derived models.
III. OEWG ARRAY IMAGING
Using the Virtualizer, we first modeled an OEWG transmitting array to an OEWG receiver configuration. The system modeling capability allows us to optimize the parameters of the imaging experiment to achieve acceptable image quality within the limited spatial region consisting of a 30 × 30 cm surface imposed by the scanning stage used (NSI-100V-1x1 near-field antenna scanner stage). The OEWG measurements were modeled as a set of 15 dipoles equidistantly distributed over the surface of the WR-10 waveguide rectangle (2.54 × 1.27 mm). The number of dipoles was chosen such that the radiation pattern of the array resembles the OEWG performance while not being computationally burdensome. This modeling approach suffices to obtain a qualitative measure of the expected imaging performance; however, we also performed a near field scan of an OEWG to determine the exact radiation pattern with equipment as discussed below. Importing the fields associated with the near-field scan into the Virtualizer software minimizes the error in our forward model.
The fields were scanned at 200 frequency points at each position and imported for both simulation and experimental reconstruction.
The experimental configuration is composed of two W-band extension heads (OML V10VNA2, frequency range 75-110 GHz) with one of them mounted on a moving stage and one fixed and supported by four pillars as shown in Fig. 1a . The extension heads are connected to a Performance Network Analyzer (PNA, Keysight N5222A) acting as a source of base-band signal which is connected to a computer (using a TCP connection) controlling the whole measurement through a Matlab script. The size of the test targets was chosen based on the SAR resolution limit, which is estimated using formula d = λR/2D, where λ is the wavelength at the center of the bandwidth, R is the distance from the aperture plane to the target (shown in Fig. 1c ) and D is the total size of the aperture, see Fig. 1b [7] . In our case, d = 1 mm. Since the calculated limit applies to sparse imaging systems only approximately [25] , and the total aperture is not exactly square, we chose the size of the test targets 5 mm.
The three stripe resolution target ( Initially, the reconstruction volume was 30 × 30 × 50 mm, but for the sake of rapid reconstruction, we narrowed the volume to a two-dimensional cross-range slice leaving us with N = 140 × 140 = 19600 pixels. Matched filter was used for image reconstruction, as shown in Figs. 2b, 2d, 3, and 4, together with the target photographs.
The excellent reproduction observed comparing Fig. 2 and 3 indicates precise agreement between simulation and measurement. We note that in this case, no additional alignment methodology was necessary to capture the images. The precise grid layout of the transmitter OEWG antennas and their rather simple radiated field profile (i.e., slowly changing phase and amplitude) provide a degree of resilience to error [30] when determining the position of the receiver OEWG antenna positions in image reconstruction calculations. We note that this is not the case for the cavity-based imager we discuss below. The difference between measurement and simulation is quantified by drawing 2-D maps showing the absolute percent error relative to the simulation results in Fig. 5 for both targets. The mean absolute error is 29% for resolution target and 12.6% for five squares target. The error is highest at the edges of the targets because of imperfect alignment of simulated and experimental data and the limits of the forward model used in the simulation tool. Generally, within the capabilities of the simulation tool, we suggest that the experiment and simulation results demonstrate good agreement.
An attempt to image more complex targets resolved the approximate shape of a badge and a razor (see Fig. 4a-d) , but the lack of detail suggests that the measurement modes do not contain enough information to fully resolve the scene. This result is not unexpected, since the spacing between measurement locations (over 1 cm) is much larger than the Shannon sampling limit of λ/2 (or roughly 1.6 mm); The cross-range resolution of the imaging system depends on the aperture size and sampling [7] . The radiation pattern of an OEWG is for all practical considerations frequency independent. Thus, the frequency sampling does not contribute to the image fidelity in this experiment.
Tailoring the measurement capacity of the system to the target of interest is a critical design consideration for computational approaches. A useful measure of the non-overlapping information content of a set of measurements is the singular value spectrum. The singular value decomposition (SVD) [30] , [31] is a factorization of the measurement matrix H into a product of three matrices H = USV T . Here, S is a diagonal matrix of real values organized from largest to smallest; U and V T are matrices with orthonormal columns.
A flat singular value ''spectrum'' signifies maximum orthogonality among the measurements, while a decaying spectrum signifies correlation among the measurements. Hence, plotting the singular values spectrum provides a measure of the ''information content'' of the measurement matrix. The total number of measurements is the number of positions of the Tx antenna multiplied by the number of positions of the Rx antenna and the number of frequency points. Although the resulting number of modes is large, observing the singular value spectrum in Fig. 6 , the correlation of the measurement modes causes the decay of the singular values indicating diminishing benefit from the many modes available. 
IV. CAVITY DESIGN
As noted in section 2, resonant high Q cavities are a proven platform for harnessing a set of frequency diverse measurements with high information content [12] , [15] . The high Q factor is afforded by using polished air-filled cavities machined from a bulk aluminum block, which minimizes the dielectric and metal losses. The metasurface antenna design process was as follows. First, a non-radiating cavity (see Fig. 7a ) was simulated in CST Microwave Studio to estimate its Q-factor, determined from the decay time (impulse response) of the fields inside the cavity [31] . The shape of the cavity was chosen to randomize the waveform in the cavity. Therefore no walls are parallel and the saw-tooth pattern on top and bottom wall ensures irregular guided mode structure and thus random far-field patterns with changing frequency, increasing the information value of each radiated mode.
In our case, the Q-factor of the non-radiating cavity was 3500 at 92.5 GHz (center frequency of W-band). The simulated cavity mode is shown in Fig. 7b , and is seen to be highly random. The optimal number of useful radiating slots to be patterned over the aperture can be estimated from [31] :
where Q is the quality factor obtained from full-wave simulation; T and R are the numbers of radiating slots on the FIGURE 7. a The shape of the closed aluminum cavity b an example of guided mode E fields at 92.5 GHz c a final structure with radiating slots, together with four RF fiducial slots off the regular pattern for alignment purposes and a contour of the splitting plane dividing the cavity into two parts during the fabrication process. The dimensions of the slot are l s = 2 mm and w s = 0.14 mm. Tx and Rx antennas respectively; and, f c , is the center frequency of the bandwidth, B, utilized (35 GHz).The remaining dimensions of the cavity are shown in Fig. 9 .
The loaded cavity Q-factor (Fig. 7c) is estimated by measuring the impulse response of the feed signal, which is the scattering parameter S 11 . For the closed cavity, the predicted number of useful radiating slots is 36. Since the Q-factor of the cavity decreases with the addition of each new slot, or radiation vector, this number should be the starting point of an iterative design process. After each full-wave simulation, a new Q-factor can be determined and the design and layout updated with the new predicted number of slots (until an equilibrium is achieved). The optimized structure is a balance between the desire for a high Q-factor (supporting more frequency diverse measurement modes), and VOLUME 6, 2018 FIGURE 10. The fabricated sample of the cavity a before, and b after surface polishing which resulted in a two-fold increase of the Q-factor and enabled the use of two hundred frequency points instead of just one hundred. c The cavity front with optical (full circles) and RF (dashed circles) fiducials used for alignment.
the contrasting desire for additional slots to maximize the spatial sampling of the aperture and improved antenna radiation efficiency. At W-band, radiated power is a scarce commodity. In order to ensure sufficient signal to noise ratio (SNR) for this first demonstration, we used the initially estimated slot number based on the impulse response of the closed cavity (favoring radiation efficiency over maximizing the Q-factor).
The positions of the slots were set to allow the frequency diverse measurements to optimally sample the accessible k-space of the antenna [31] . The Mills Cross arrangement [30] , [31] of radiating elements has been shown to produce minimally redundant sampling (i.e., highly orthogonal radiated modes) and was used in our metasurface cavity design, as shown in Fig. 7c . The cavity is fed via a WR10 waveguide and a mode-matching transition, which emulates the performance of the E-plane waveguide junction [32] with the additional element in the form of matching half cylinder milled into the top wall of the cavity.
The geometry of the transition is shown in Fig. 8a together with its dimensions and input reflection in Fig. 8b indicating matching below -20 dB over the entire observed bandwidth.
The bottom part of the fabricated cavity is shown in Fig. 10a with clearly visible tool-path milling artifacts. In preparation for the experiments, the inner cavity surface was polished with buffing abrasive, increasing the Q-factor of the loaded cavity (Fig. 10c ) from 300 to approximately 600. The final cavity surface is almost mirror-like (see Fig. 10b ). Based on Eq. (3), 200 frequency points can be used to fully leverage the frequency diversity available and are used in the experiments described in the following section. The |S 11 | and radiation efficiency of the cavity is shown in Fig. 11 . The cavity was designed to have average radiation efficiency η = 80%, corresponding to the |S 11 | of high quality-factor cavity with many resonant points. Due to the surface roughness, which was not accounted for in the simulation, the measured η averaged over the band of operation was 40%. Far-field radiation pattern plots of the cavity at three different frequencies are shown in Fig. 12 , demonstrating the random nature of the radiated fields due to the high quality factor.
V. CAVITY IMAGING
As an alternative to the complicated and costly hardware [10] associated with a massive MIMO W-band system for imaging, we utilized the frequency diverse cavity structure [12] , [15] , developed in section 4, and computational image processing techniques, as described in section 3.
Comparing the singular value spectrum in Fig. 14 of the three experimental setups, i.e., OEWG to OEWG (Fig. 1b) , OEWG to cavity (Fig. 13a ) and cavity to cavity (Fig. 13b) , it becomes evident that the orthogonality of the measurement modes is improved by replacing the OEWG by cavities at the receiver and transmitter positions and leveraging frequency diversity. This improved mode diversity ultimately supports improved image quality as we now discuss. The sketch of both cavity imaging scenarios is shown in Fig. 13 . The experiments are identical to the setup of the OEWG imaging scenario in Fig. 1 in terms of scan area size A, distance of the fixed Rx head to the origin of the scan area P 0 , and target distance R. The input power at the feeding port is also identical to the previous experiment (10 dBm). The radiation efficiency of the OEWG antennas is close to 1 throughout the entire spectrum. Due to the high Q-factor and material surface roughness, the radiation efficiency of the cavity is on average 0.36 (measured using near-field scan and compared to the standard-gain horn with known radiation efficiency). Even with round-trip path loss (for R = 15 cm target offset) on the order of 60 dB, the dynamic range of the PNA combined with the robustness of the computational approach will render desired images. The measurements are performed by consecutively moving the extension head attached to the moving stage within a rectangular grid of 15 × 15 cm to synthesize the apertures illustrated in Fig. 13a and 13b . At each point, one of the heads transmits and the other receives the waveform reflected from the target in the scene, which is at an offset of 15 cm (consistent with the OEWG to OEWG experiment). The recorded reflected signal is the S 21 parameter measured by the network analyzer. The 5 mm resolution target and the five square 5 mm points (Fig. 2a and c) were imaged as in the previous experiments.
Before any measurements can be performed, it is necessary to perform a precise phase calibration and alignment procedures to achieve imaging results. This includes phase calibration of the feeding network [33] to bring the measurement reference plane to the output flanges of the W-band extension heads. A standard phase calibration procedure is followed using open, short, and matched load standards, over the bandwidth of interest (calibration kit Agilent W11644A).
The spatial alignment of the measurement setup is necessary due to the highly varying fields of the cavities (example in Fig. 13b) . We note that when we initially switched to the cavity to cavity scenario (Fig. 13b) , we were not able to obtain any images of the targets using the simple alignment techniques used for the purely OEWG based setup (Fig. 1b) . Even a very small misalignment, in the range of millimeters for translation or one degree of rotation, caused the reconstruction of the image to break. As reported in [30] , misalignment effects have been studied for imaging systems working in the K-band (18 -26.5 GHz). At W-band, the sensitivity of the imager is amplified four times due to increased frequency of operation.
To perform the alignment, the radiated fields and the physical position of the cavities were related through the correlation of optical and RF fiducials built into the antennas. The optical fiducials consisted of reflector stickers placed on the surface of the antenna. Their locations were obtained using a commercial stereo photogrammetry device, MaxSHOT (CREAform). The RF fiducials consisted of specific radiating slots positioned outside the Mills Cross pattern to distinguish them easily in the nearfield scans. To locate the RF fiducials, the magnitude of the fields (summed over the full bandwidth) were back-propagated to the plane of the aperture. Knowledge of the positions of optical fiducials with respect to the RF fiducials then enabled the alignment of the two coordinate systems using appropriate transformation matrices [34] . While it would be ideal to scan the location of the optical fiducials for each position of the scanning head in the synthesized aperture, the precision of the scanner (NSI -100V-1x1) on the order of 0.05 mm allowed us to use the initial position scan and set up a rectangular grid of measurement points for successful imaging.
Once the phase calibration and alignment of the fields of the antennas with respect to their physical position was done, imaging could be performed. As suggested by the singular value spectrum in Fig. 14, we should need fewer measurements, compared to the OEWG to OEWG experiment to obtain images of similar quality. This reduction in the number of required measurement modes was demonstrated in practice, with 48 positions (resulting in 48 synthesized Tx antennas and one fixed Rx antenna) which gives M = 48 × 200 = 9600 measurements (compared to 24200 measurements of the first setup) producing the images shown in Fig. 15b and d on a grid of N = 140 × 140 = 19600 pixels. Note that a rectangular grid of six vertical and eight horizontal measurement points is formed resulting in 2.5 cm vertical, and 1.875 cm horizontal sampling distance of the same 15 × 15 cm aperture A.
Replacing the other OEWG by the resonant cavity (see Fig. 13b ), and again applying the alignment method described previously, it was shown that 16 positions (forming four times four rectangular measurement points grid with 3.75 cm (11λ c ) sampling in both vertical and horizontal directions over the same aperture size; 16 Tx and 1 Rx antenna) resulting in M = 16 × 200 = 3200 measurements (considering 200 frequency points) was enough to produce the images in Fig. 16b and d over a grid of 140 × 140 = 19600 pixels.
Despite the radiation efficiency of the cavity is lower than we designed it to be, there is good agreement between the images reconstructed using the OEWG and the frequency diverse approaches [12] , [15] . However, a slight degradation in the image quality can be observed in the frequency diverse case. As described above, the predominant contributor to the effective noise is the incompleteness of the measurement modes, which allow reconstruction only of a best estimate of the scene. Since we have incomplete mode coverage in all cases, we see limited resolution and reconstruction error in all of the images. Once this main source of error has been identified, then several additional factors contributing to image quality can be identified: precision of the mechanical alignment; sparse sampling of spatial frequencies; and assumptions made in the forward model, which considers only the first order reflections from the target (Born approximation). We now consider each contribution in more detail.
Alignment precision has been documented to be crucial to the operation of the frequency diverse approaches at K-band [15] , [16] , [30] . Approximately four times higher sensitivity of W-band system to misalignments compared to the results in [34] suggests that the translation and rotational uncertainty is on the order of λ c /25 and <0.5 deg respectively. Added to the precision of the translation stage (NSI-100V-1x1) on the order of 0.02 -0.05 mm RMS [35] , the final translation uncertainty is 0.148 -0.178 mm RMS, or λ c /21 -λ c /18 RMS. FIGURE 14. Singular value spectrums of all three experimental setups considering the same ROI and an equal number of measurements indicating improving the information content of the measurements. The data was obtained from Virtualizer simulation using near-field scans of the antennas. The full line is the SVD spectrum for OEWG to OEWG scenario, the dotted one of OEWG to the cavity, and dashed of the cavity to cavity scenario.
With a limited number of measurement modes, the spatial frequency bandwidth cannot be uniformly covered, leading to information being lost in the reconstruction. Increasing the number of measurement modes can improve the situation, so long as the modes are spatially distinct. SAR provides an ideal set of measurements as the aperture is sampled uniformly at half wavelength intervals, and thus provides datasets for optimal diffraction-limited imaging performance. The frequency-diverse systems can approach SAR quality [15] , [16] , but by heavily oversampling the scene to compensate for the inherent redundancy in the modes. Alternatively, compressive sensing approaches can be used to improve reconstructions through the use of intelligent assumptions about the missing information.
The adequacy of the first order Born approximation used in the Virtualizer simulations [12] is reasonable in light of our experimental setup. The radiated energy (random radiation pattern of the cavities) is spread over a volume much larger than the the volume of the target with no other scattering bodies present in the scene. Therefore, the influence of higher order reflections is considered minimal. Background measurements have been performed and subtracted from the target measurements to further diminish the possible aliasing by the residual reflections from the RF absorber surrounding the setup. imaging results of the same targets as in Fig. 2 using OEWG to cavity setup (Fig. 13a) .
The simulation results in Fig. 15a, b , and 16a, b assume perfect alignment of the panels and their radiated fields and represent the best possible image fidelity for the setup utilizing 48 and 16 positions. Fig. 2 using cavity to cavity setup (Fig. 13b) .
In order to obtain images of similar fidelity as in Fig. 2 , increasing the number of measurements can bring an improved result at the expense of the duration of measurement. We seek only an initial demonstration at W-band, here, and not to fully quantify the large trade-off space or determine the resolution limit of the setup [25] . FIGURE 17. a Photograph of a DUKE letters cut from a copper tape, the height of the letters is 5 cm, b result of imaging the sign (a complex target from the imaging point of view) using the cavity to cavity setup. Each letter was imaged separately due to the small size of the aperture.
To test the imaging capability of the cavity to cavity setup, we constructed a set of letters spelling the word ''DUKE'' (with 5 cm font size) from a copper adhesive tape and used it as a test target, as shown in Fig. 17a . Imaging the whole sign at once was difficult due to the small aperture size (15 × 15 cm) and the available measurements capacity (we used 16 measurements as in the last experiment). Instead, we imaged each letter separately. The final stitched image of the sign is shown in Fig. 17b where each letter is clearly recognized.
Although these imaging scenarios are synthesized using a moving stage, commercially available solid-state frequency up and down-converters are a path to fully electronic frequency diverse imaging at W-band and constitute a subject of future research.
VI. CONCLUSION
We presented a frequency-diverse imaging scheme at W-band leveraging resonant cavities for standoff security screening and other relevant applications. Experiments have shown that the frequency diverse scheme offers a considerable reduction of the number of measurements positions needed for imaging, compared with MIMO setups utilizing basic waveguide antennas. This directly translates in hardware savings in terms of the price of the whole system. In utilizing this approach, one must adapt to the challenges of utilizing highly spatially varying radiation patterns, which include the necessity for accurate alignment procedures. However, as we have shown, it is possible to develop robust methods that address these challenges.
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